Recently, we showed that L-arginine (L-Arg) supplementation could attenuate acute exerciseinduced oxidative and inflammatory stress in aging rats. In this study, we investigate whether L-Arg supplementation protects cellular oxidative stress, inflammation, or the mitochondrial DNA 4834-bp large deletion (mtDNA 4834 
Introduction
Recently, there has been a great deal of interest in the role of oxidative stress and inflammatory responses as related to tissue damage and fatigue from exercise. Exhaustive physical exercise is known to induce free radicals in vivo and lead to oxidative damage in multiple tissues in young and aging rats (12, 19, 29, 45) . Many studies have shown that oxidative stress may be related to altered mitochondrial DNA (mtDNA) genome integrity and resulted in the accumulation of mtDNA large deletions such as the 4977-bp deletion in humans and the 4834-bp deletion in rats (14, 32) . Accumulation of mtDNA large deletions is associated with damage of tissues of several human diseases, such as age-related disorders (37) , liver cirrhosis (39) , and mitochondrial myopathy (25) . However, there are few studies that investigated the association between mtDNA common deletions and exhaustive exercise-induced tissues damages. Xanthine oxidase (XO), a metalloflavoprotein, plays a major role in oxygen-derived free radicals in postischemic tissue injury (40) . It has been found to significantly increase in the circulation and in tissues during exhaustive exercise (17, 44, 54) . Vina et al. (54) further demonstrated that XO is responsible for free radical production and tissue damage during exhaustive exercise (54) . Judge and Dodd (24) proposed that XO-derived oxidants are chemotactic to neutrophils, while neutrophil infiltration in tissues is associated with strenuous exercise-induced tissue damage in human and animal studies (3, 11) . Neutrophils are capable of further generation of free radicals via NADPH oxidase and production of hypochlorous acid from hydrogen peroxide (H 2 O 2 ) via myeloperoxidase (MPO), a marker of neutrophil infiltration in tissues, during initiation of exerciseinduced muscle damage (52) . These studies indicate that XO and MPO are the two main sources of extracellular free radicals during strenuous exercise and are also responsible for the tissues damage caused by exhaustive exercise.
Since oxidative stress and inflammation contribute to fatigue, tissue damage, and impaired recovery from exhaustive exercise, much research has focused on supplementation of nutraceutical agents for reducing these effects. L-Arginine (L-Arg) is used in current basic and clinical research due to its important therapeutic qualities. Most pharmacological actions of L-Arg are attributed to nitric oxide (NO), which is able to act on a wide range of tissues and is a multipurpose messenger molecule implicated in a wide variety of biological processes (7, 58) . For example, increasing NO bioactivity through L-Arg supplementation has been shown to reduce blood lactate and NH 3 after maximal or submaximal exercise (38, 48) . Recent findings suggested that L-Arg supplementation can significantly enhance exerciseinduced increases in NO production and changes in Fe metabolism (59) . Several studies have also demonstrated that L-Arg has a protective function against attacks by reactive oxygen species (ROS). This is possible due to its direct chemical interaction with superoxide anions (O 2 -) in vitro or increased heme oxygenase 1 (HO-1) expression in vivo (30, 31, 55) . Our previous studies have showed that supplementation with L-Arg significantly attenuated pulmonary and cardiac oxidative stress during exhaustive exercise in both young and aging rats (19, 35, 36) . Therefore, we hypothesized that L-Arg supplementation might be beneficial to other important organs, such as skeletal muscles, livers and kidneys, affected by exhaustive exercise. In this research, we further examined whether L-Arg supplementation can prevent oxidative damage and inflammatory response of muscular, hepatic, and renal tissues as well as fatigue caused by exhaustive exercise in young rats.
Materials and Methods

Animals and Treatment
Thirty-two 8 week-old male Sprague-Dawley rats weighing 280~300 g were purchased from the National Laboratory Animal Breeding and Research Center (Taipei, Taiwan, ROC). All rats were given free access to water and standard pelleted rat food (no. 5001; PMI Nutrition International, Brentwood, MO, USA) and were individually housed in a room maintained at 23 ± 2°C with a 12-h light-dark cycle in the first week. This experiment was approved by the Fu-Jen Catholic University Animal Care and Usage Committee and followed the guidelines established by the National Laboratory Animal Breeding and Research Center in Taiwan. In the second week, in order to adapt them to the experimental standard diet, all rats were fed the AIN-93 purified diet (46) . Afterward, the rats were randomly divided into four groups: a sedentary control group fed on the AIN-93 diet (SC, n = 8), a sedentary control group fed on the AIN-93 diet containing 2% L-Arg (SC+Arg, n = 8), an exhaustive exercise group fed on the AIN-93 diet (E, n = 8), and an exhaustive exercise group fed on the AIN-93 diet containing 2% L-Arg (E+Arg, n = 8).
Rats were fed these diets for 30 days beginning from the third week. All diets were identical in caloric content (Table 1) (34) .
Experimental Protocol
Rats in the E and E+Arg groups were introduced to treadmill running with 15~20-min exercise bouts at a speed of 15~30 m/min for 6 d to accustom them to running via a modification of the method of Ji et al. (23) . The treadmill was equipped with an electric shocking grid on the rear barrier to provide the animal with exercise motivation (T510E treadmill device, DR Instrument, Taipei, Taiwan, ROC). On the day of the exercise test, they were required to run to exhaustion on a five-lane inclined (10°) treadmill at a final speed of 30 m/min, which was approximately 70~75% of VO 2 max (6). Measurement of maximal oxygen consumption (100% VO 2 max) was considered valid only if the animal ran until it could no longer maintain pace with the treadmill (50) . Exhaustion was defined as the rat being unable to upright itself when placed on its back (10, 21) . To eliminate diurnal effects, the experiments were performed at the same time of day (09:00~12:00). All animals were anesthetized with ethyl ether and sacrificed immediately after the exhaustive exercise. Blood samples were collected from the abdominal aorta, and the muscular, hepatic, and renal tissues were carefully removed, rinsed in ice-cold normal saline, blotted dry and stored at -80°C for further analysis. All chemicals used in this study were purchased from Sigma-Aldrich-Fluka (St. Louis, MO, USA) unless stated otherwise.
Analytical Procedures of Plasma and Oxidative Stress-Associated Parameters
Blood samples were centrifuged at 1,400 × g at 4°C for 10 min. The supernatants (plasma) were used to determine creatine kinase (CK), aspartate aminotransferase (AST), alanine aminotransferase (ALT), blood urea nitrogen (BUN), creatinine (CRE), glucose, total cholesterol (TC), triacylglycerol (TG), lowdensity lipoprotein (LDL), and high-density lipoprotein (HDL) with an automatic analyzer (7170 model, Hitachi, Tokyo, Japan). In addition, concentrations of lactate, uric acid, non-esterified fatty acid (NEFA) and β-hydroxybutyrate in the plasma were measured using commercially available kits (Randox Laboratories, Antrim, UK).
All tissues were homogenized in ice-cold buffer (0.25 M sucrose, 10 mM Tris-HCl, and 0.25 mM phenylmethylsulfonyl fluoride; pH 7.4), and a portion of the homogenate was measured immediately for malondialdehyde (MDA) using a commercial kit (Calbiochem, San Diego, CA, USA). Another portion of the homogenate was centrifuged at 10,000 × g for 20 min at 4°C, and superoxide dismutase (SOD) and glutathione peroxidase (GPX) activities in the supernatant were measured using commercial kits (Randox). Glutathione reductase (GR) activity of all tissues was measured using a commercial kit (Calbiochem). XO activities in all tissues were determined according to Westerfeld et al. (56) . Catalase (CAT) activity was determined using a method described by Beers and Sizer (2) . Concentrations of reduced glutathione (GSH) in all tissue samples were measured using a commercial kit (Calbiochem). Myeloperoxidase The components of the diets were purchased from ICN Biochemicals (Costa Mesa, CA, USA) with the exception of L-arginine, sucrose, and soybean oil, which were obtained from Sigma-Aldrich-Fluka (St. Louis, MO, USA).
(MPO) activities of all tissues were determined as a marker enzyme for measuring neutrophil accumulation in tissue samples, because it is closely correlated with the number of neutrophils present in the tissue (42) . The pellets were washed twice in ice-cold 20 mM phosphate buffer (pH 6.0) and then sonicated in MPO buffer containing 0.5% hexadecyltrimethylammonium bromide, 10 mM EDTA, and 50 mM phosphate (pH 6.0) at 25°C for 1 min. The homogenates were then centrifuged at 17,000 × g at 4°C for 15 min, and MPO activity in the supernatant was measured as previously described (49) . Total protein concentrations of samples were determined using a DC protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA).
Analysis of mtDNA 4834 Deletion in Muscular and Hepatic Tissues
Quantification of mtDNA 4834 deletion was determined by co-amplifying the mtDNA displacementloop (D-loop), mtDNA 4834 deletion, and nuclearencoded β-actin gene by real-time PCR according to Chou et al. (8) . Primers for each amplification were as previously described (5) . The fluorescence spectra were monitored by LightCycler (Roche Diagnostics). The cycle at which a significant increase in normalized fluorescence was first detected was designated as the threshold cycle number (C t ). The ratio of mtDNA to genomic DNA content was calculated using the following formula: ∆C t = mt C t D-loop -nuclear C t β-actin ; a smaller ∆C t indicates less relative mtDNA content. The ratio of mtDNA 4834 deletion to mtDNA was calculated using the following formula: ∆C t = mt C t deletion -mt C t D-loop ; a smaller ∆C t indicates more deletions.
Statistical Analyses
Values are expressed as the means ± SEM (n = 8). To evaluate differences among the groups studied, two-way analysis of variance (ANOVA) with Fisher's post hoc test was used. The SAS software (vers. 8.2; SAS Institute, Cary, NC, USA) was used to analyze all data. Differences were considered statistically significant when P < 0.05.
Results
At the end of 30 days, body weights in the SC, SC+Arg, E, and E+Arg groups were 446 ± 7, 446 ± 10, 447 ± 6, and 451 ± 8 g, respectively, and no significant differences were detected among the four groups. The mean endurance times of treadmill running to exhaustion were 81 ± 4 min for group E and 87 ± 5 min for group E+Arg; i.e., there was no significant difference between the two groups.
Plasma levels of CK, AST, ALT, BUN, CRE lactate, uric acid, NEFA and β-hydroxybutyrate levels in group E were all significantly elevated by 453%, 80%, 81%, 30%, 52%, 36%, 268%, 27%, and 1,652%, respectively, compared to those in group SC (Table  2 ). In contrast, plasma levels of CK, lactate, and uric acid were all significantly lower by 46%, 39%, and 20%, respectively, in group E+Arg compared to group E. Furthermore, plasma levels of glucose, TC, TG, and HDL-C significantly decreased in group E compared to SC. However, there were no differences between groups E and E+Arg in plasma levels of glucose, TC, TG, or HDL-C. As shown here, increases in cytosolic enzymes such as CK, AST and ALT in the plasma are characteristic responses to strenuous exercise and are often used as indicators of muscular and hepatic injury. In addition, changes in the levels of BUN and CRE have previously been used as indicators of renal damage. Elevated plasma lactate and uric acid levels are also used as biochemical markers of muscle fatigue.
As shown in Fig. 1 , XO activities of skeletal muscles, the liver, and kidneys in group E were all significantly elevated by 80%, 69%, and 59%, respectively, compared to those in group SC. However, the muscular, hepatic and renal XO activities were all Fig. 1 . Effects of L-arginine (Arg) supplementation on xanthine oxidase (XO) activities of skeletal muscles, livers and kidneys in young rats after exhaustive exercise (E). The data shown are the means ± SEM of eight rats. Statistical differences among the groups were determined by twoway ANOVA; groups with different letters (a, b) indicate significant differences among each group (P < 0.05) by Fisher's least significant difference test. Fig. 2 . Effects of L-arginine (Arg) supplementation on myeloperoxidase (MPO) activities of skeletal muscles, livers and kidneys in young rats after exhaustive exercise (E). The data shown are the means ± SEM of eight rats. Statistical differences among the groups were determined by two-way ANOVA; groups with different letters (a, b) indicate significant differences among each group (P < 0.05) by Fisher's least significant difference test. significantly lower by 44%, 46%, and 39%, respectively, in group E+Arg compared with those in group E. The degrees of neutrophil infiltration in skeletal muscles, the liver and kidneys are shown in Fig. 2 . In comparison with group SC, MPO activities of muscular, hepatic and renal tissues in group E were all significantly higher by 26%, 89%, and 32%, respectively. Compared to group E, the MPO activities of these tissues were significantly lower by 19%, 29%, and 25%, respectively, in group E+Arg. Table 3 shows the antioxidant enzyme activities. In comparison with group SC, the antioxidant enzyme activities of SOD, CAT, GPX, and GR in skeletal muscles and the SOD activity in the liver in group E were all significantly higher by 82%, 93%, 62%, 106%, and 35%, respectively. Compared to group E, these antioxidant enzymes activities were all significantly lower in group E+Arg. However, there were no differences between groups E and E+Arg in antioxidant enzyme activities in the kidneys. It is possible that the higher activity of antioxidant enzymes as a result of exercise might be indicative of a compensatory measure to counteract possible detrimental effects associated with oxidative stress.
MDA, a quantitative marker of lipid peroxidation, was measured in skeletal muscles, the liver, and kidneys (Table 4) . MDA levels of skeletal muscles, the liver, and kidneys were all significantly higher by 121%, 207%, and 24%, respectively, in group E compared to group SC. Inversely, the extents of the elevations were significantly lower by 25%, 57%, and 19%, respectively, in group E+Arg compared to group E. Levels of GSH in skeletal muscles, the liver and kidney are shown in Table 4 . The GSH level of skeletal muscles was significantly decreased by 40% in group E compared to group SC. However, there were no differences between groups E and E+Arg in GSH levels of muscular, hepatic, or renal tissues. Table 5 shows the relative mtDNA content and mtDNA deletion of skeletal muscles and the liver. Neither exhaustive exercise and L-Arg supplementation nor any interaction effect between them had significant impacts on relative the mtDNA content and the common mtDNA 4834 deletion of muscular and hepatic tissues.
Discussion
The laboratory rat is a commonly used animal model for investigating exhaustive exercise effects on biochemical changes in humans. Our study attempted to examine L-Arg supplementation in relation to exhaustive exercise-induced multi-organ oxidative injury in a rat model. In this research, regardless of whether the groups were supplemented with L-Arg or not, group E and E+Arg rats exhibited no obvious Data are the means ± SEM (n = 8). Values in the same row with different superscript letters are significantly different at P < 0.05.
differences in the amount of time for which they could continue to exercise. The results showed that L-Arg supplementation did not influence the performance of exhaustive exercise in this experimental animal model. Previous studies indicated that exhaustive exercise increases CK, AST, ALT and BUN levels in plasma and causes significant skeletal muscle, liver, and kidney damage (1, 4, 18) . In this study, compared to group SC, the CK, AST, ALT and BUN levels in the plasma of group E were significantly higher by 453, 80, 81, and 30%, respectively (Table 2) . That is to say, muscular, hepatic and renal damage might have been induced by exhaustive exercise in our study. This result is also consistent with previous reports. However, rats in the L-Arg-supplemented group displayed no differences in AST, ALT, BUN, or CRE levels, but did so in CK (Table 2) . Vina et al. (54) demonstrated that administration of allopurinol, an inhibitor of XO, prevented increased cytosolic enzyme CK activity in plasma after exhaustive exercise. Our data also showed that L-Arg supplementation could inhibit the elevation in XO activity, resulting in a significant decrease in the plasma level of CK in group E+Arg compared to that in group E. This finding was similar to that of a previous report (54). Data are the means ± SEM (n = 8). The ratio of mtDNA to genomic DNA content was calculated with ∆C t (mt C t D-loopnuclear C t β-actin ). A smaller ∆C t indicates less relative mtDNA content. The ratio of mtDNA 4834 deletion to mtDNA was calculated with ∆C t (mt C t deletion -mt C t D-loop ); a smaller ∆C t indicates more deletions. Our results demonstrated that in exhaustive exercise with higher anaerobic components, the lactate and uric acid concentrations in the plasma of group E were significantly higher than those of group SC, but not those of group E+Arg. This result indicates that rats are unable to obtain a sufficient amount of oxygen during running; hence, hypoxic metabolism supported a significant part of the exhaustive exercise. This situation is in accordace with other reports (26, 44, 54) . The production of oxygen radicals in tissues after acute exhaustive exercise causes some degree of oxidative damage. The importance of this pathway is associated primarily with the consumption of ATP. An increase in the ADP/ ATP ratio, followed by AMP and its degradation to hypoxanthine, culminates in increases in uric acid and O 2 -production by XO (44, 54, 57) . Our data in the present study supported finding in which XO activity and uric acid and MDA concentrations in muscular, hepatic and renal tissues showed similar marked increases immediately following running to exhaustion. This suggests that XO-derived free radicals exerted some deleterious effect on these tissues. However, no such increase in XO was observed in the L-Arg-supplemented group in response to exercise. Numerous studies have shown that NO, a precursor of L-Arg, a biologically important molecule, is known to have many modulatory functions in cells and tissues. NO possibly exhibits potent effects against XO, and this inhibition might be mediated through direct binding of NO to the enzyme Fe-S moiety (16) . Another study also supported the notion that NO may suppress XO activity (13) . Hence, the protective role of NO is probably due to its property of scavenging free radicals and inhibiting XO, according to our results in the E+Arg group.
It is known that exhaustive exercise leads to the release of MPO from neutrophils which then induces severe oxidative damage (3, 41, 51, 60) . MPO is regarded not only as an index of inflammation but also as an index of oxidant damage. In this study, our data showed that MPO activities in muscular, hepatic and renal tissues in group E markedly increased after exhaustive exercise (Fig. 2) . Therefore, it could be concluded that XO-derived oxidants are important in the accumulation of neutrophils in these tissues after exhaustive exercise. This chemotactic potential of oxidants from XO is in agreement with previous investigations (27, 28, 43) . However, the exhaustive exercise-induced MPO activities of these tissues were all significantly reduced by L-Arg supplementation. These results are in accordance with previous studies about the protective role of NO (40) .
It is well known that SOD, CAT, GPX and GR are regarded as the first line of defense by the antioxidant enzyme system against ROS generated during exhaustive exercise. The current study shows that some of these enzymes in skeletal muscles and liver increased as a compensatory mechanism in response to an increase in oxidative stress due to exhaustive exercise. This indicates that the increased XO observed in the present study produces increased generation of O 2 -which can trigger activation of SOD by the dismutation of O 2 -to H 2 O 2 . This result lends support to previous investigations (22, 33, 50) . SOD, CAT, GPX and GR activities are significantly elevated after exhaustive exercise in skeletal muscle but not in the liver or kidneys as presented in the present study and in other studies that found that exhaustive exercise imposes severe oxidative stresses on skeletal muscles (15, 20) . Our data show that SOD and CAT activities in skeletal muscles were significantly lower or did not differ in the E+Arg group compared to the control groups. These results indicate that L-Arg supplementation had beneficial effects on attenuating the oxidative stress induced by exhaustive exercise.
In our study, the MDA contents in muscular, hepatic and renal tissues were also significantly higher in group E compared to group SC (Table 4) . Inversely, the muscular and hepatic GSH contents were significantly reduced in group E. From these results, it appears that exhaustive exercise caused oxidative damage as significantly increased lipid peroxidation in skeletal muscle, liver, and kidneys, and significantly decreased the contents of antioxidants. As described earlier, lipid peroxidation, measured in the form of MDA, significantly increased in tissues of group E, also supporting the possibility of increased ROS production leading to a higher rate of lipid peroxidation (12, 53) . L-Arg supplementation, however, significantly protected skeletal muscles, the liver and kidneys from ROS-mediated oxidative damage during exhaustive exercise. However, addition of L-Arg to the diet might have no effect in the loss of GSH in muscle and liver due to exhaustion, but it did caused an increase in the liver of the sedentary rat in this study.
Several lines of evidence from many other studies indicate that accumulation of large mtDNA deletions are associated with oxidative stress, nutritional deficiencies (e.g. folate deficient) (8) and aging (9) . Until now, there are few studies to investigate the association between mtDNA common deletion and exhaustive exercise-induced tissue injury. In an experimental study with adult rats after acute exercise (at a running speed of 40 m/min for 20 min), the mtDNA 380-bp deletion was increased in skeletal muscle compared to control rats (47) . However, our result showed that neither exhaustive exercise nor L-Arg supplementation had ant significant impact on changes in mtDNA content and the common mtDNA 4834 deletion in muscular and hepatic tissues. The discrepancies in the mtDNA deletions caused by exercise might have been from differences in the exercise duration (short or long term), experimental diet (i.e. nutritional status) and different-scale deletions of mtDNA between these two different studies.
In conclusion, our results support the mechanism that increases in XO and MPO activities are the main pathways involved in free radical production during exhaustive exercise, consistent with our recent studies. Nevertheless, these results also suggest that L-Arg supplementation reduces the oxidative damages to and inflammatory responses of skeletal muscles, the liver and kidneys caused by exhaustive exercise in young rats. Our finding may have important implications for the development of therapeutic strategies aimed at manipulating L-Arg supplementation in strenuous exercise-induced multi-organ oxidative stress and inflammation of both young and aged rats.
